• Autophagy is activated in rats after SCI and sustained over a period of time.
Introduction
Spinal cord injury (SCI) is the central nervous system (CNS) complication induced by severe trauma to the spinal column, which often leads to severe neurological disorders in the limbs and body below the damaged spinal cord segments. SCI may be divided into primary SCI and secondary SCI [1] . Generally, primary SCI consists of mechanical injuries that are impossible to prevent. In contrast, secondary SCI is caused by active regulatory processes occurring Abbreviations: ATA, atmosphere absolute; ATG proteins, autophagy-related proteins; BBB rating scores, Basso, Beattieo and Bresnahan rating scale; CNS, central nervous system; ER, endoplasmic reticulum; HBO, hyperbaric oxygen; MAPLC3, microtubule-associated protein 1 light chain 3; PI3K, phosphatidylinositol 3-kinase; RIPA, radioimmunoprecipitation assay; SCI, spinal cord injury; TEM, transmission electron microscopy.
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at the cellular and molecular levels, which are affected by regulatory factors. Therefore, current SCI studies mainly focus on the secondary injury. Autophagy is a lysosome-mediated metabolic pathway employed by cells to degrade their own components [2] . Autophagy is a unique life phenomenon of eukaryotic cells, which plays a key role in cell survival, differentiation, development and homeostasis. Numerous studies have shown that autophagic cell death is related to the occurrence of many diseases [3] . Recently, progress has been made towards the understanding of the role of autophagy in CNS injury. It has been reported that autophagy activation in the early stages of brain damage exerts a protective effect on neurons [4] . However, to date, studies focusing on the expression and role of neuronal autophagy after SCI are rare. Hyperbaric oxygen (HBO) has served as a non-invasive therapeutic method for more than 100 years. The clinical efficacy of HBO has been confirmed. In 1977, Yeo et al. applied HBO for the first time to treat experimental SCI and obtained a certain therapeutic effect with HBO [5] . A series of studies following this initial study have demon- ; (B) SCI group at 6 h after surgery (×17,000); (C) SCI group at 1 d after surgery (×20,000); (D) SCI group at 3 d after surgery (×10,000); (E) SCI group at 7 d after surgery (×15,000); (F) SCI group at 14 d after surgery (×12,000); (G) SCI + HBO group at 3 d after surgery (×15,000); (H) SCI + HBO group at 7 d after surgery (×20,000).
Fig. 2.
Gel electrophoresis and optical density analysis of Beclin-1 and LC3II protein in the SCI and SCI + HBO groups on 3d. The gels have been run under the same experimental conditions. Compared with the sham group, * P < 0.05; compared with the SCI group, # P < 0.05.
strated that HBO may reverse or prevent the secondary pathological changes after SCI. The neurocyte autophagy following SCI has been widely observed, however the effects, beneficial or detrimental, remain controversial [6] . The effect of HBO on autophagy after SCI has not been clearly reported. In the present study, an SCI model was established to examine autophagic change in cells after SCI. The formation of autophagosomes in damaged spinal cord neurons was examined by electron microscopy. In addition, the expression of the autophagy-related proteins Beclin-l and microtubule-associated protein 1 light chain 3 type II (LC3II) was analyzed, and the relationship between the Beclin-l and LC3II expression levels and the duration of injury was determined. The results were used to interpret the autophagy expression pattern in spinal cord neurons after SCI and to preliminarily evaluate the roles of autophagy in SCI. Moreover, the rat model of SCI was subjected to HBO intervention. Subsequently, the changes in locomotor functions of the rats were evaluated, and the expression levels of Beclin-l and LC3II were examined for the purpose of exploring the effects of HBO on the autophagic changes after induction of SCI in rats.
Materials and methods

Experimental animals
The Ethics Committee of the Second Affiliated Hospital of Soochow University approved the protocol of the present study. A total of 75 healthy adult Sprague-Dawley rats of clean-grade were provided by the Experimental Animal Center of Suzhou University. The rats were either male or female and weighed 250 ± 30 g. During the experiments, the animals were treated in compliance with the "Guiding Opinions on the Ethical Treatments of Laboratory Animals" published by the Ministry of Science and Technology in 2006. 
Experimental spinal cord injury model and the grouping
The rats were randomly divided into the sham-operated group (sham group, n = 25), the spinal cord injury group (SCI group, n = 25), and the HBO-treated group (SCI + HBO group, n = 25). All groups were subjected to kinematic scoring at 6 h, 1 d, 3 d, 7 d and 14 d after the surgery. Five experimental animals were sacrificed and sampled from each group at every time point.
Experimental animals in the sham group were subjected to laminectomy only, which did not cause SCI. Experimental animals in the SCI group underwent laminectomy. Subsequently, the SCI model was established using a modified Allen's method. Experimental animals in the SCI + HBO group received HBO treatment following laminectomy and the establishment of the SCI model by a modified Allen's method.
The rats were anesthetized by intraperitoneal injection of 3.6% chloral hydrate (0.36 g/Kg body weight). Once successful anesthesia was achieved, the rats were shaved on the back and placed in a prone position on the operating table. The fused T9-11 spinous processes at the back of the rats were located and the spinal cord T9-11 plane area (approximately 4 mm × 10 mm) was exposed [7] .
SCI was induced in the rats using a modified Allen's method. The impact force was 50 gcf, which was achieved by dropping a 5 g weight from a height of 10 cm. In this process, the hindlimbs and tails of the rats showed spastic convulsions, which lasted a few seconds.
Hyperbaric oxygen (HBO) treatment
Rats in the SCI + HBO group received HBO treatment within 6 h after SCI. The rats were placed into perforated carton boxes and subjected to HBO intervention in a monoplace hyperbaric chamber. In the air-pressurized chamber, the pressure was gradually raised to and maintained at 2.0 atmosphere absolute (ATA). The rats were allowed to breathe pure oxygen for 90-100 min with intervals of 15 min and were given HBO treatment once per day until the animals were sacrificed, and each treatment lasted 100 min.
Changes in the locomotor functions of the rats after SCI
The locomotor function of bilateral hindlimbs of the rats was scored at 6 h, 1 d, 3 d, 7 d and 14 d after SCI using the Basso, Beattie and Bresnahan (BBB) rating scale. The sham group was used as a reference, and the differences in the recovery of locomotor function were compared between the SCI and SCI + HBO groups.
Preparation and examination of the transmission electron microscopy (TEM) specimens
At 6 h, 1 d, 3 d, 7 d and 14 d after surgery, specimens were collected from the surgical sites of the rats in the SCI and sham groups. After dehydrating, embedding, slicing and staining the trimming block of the specimens, we observe the slices under the electron microscope.
Collection of the specimens and examination of the specimens by western blot analysis
At different time points (6 h, 1 day, 3 days, and 7 days, 14 days) after SCI and immediately after the sham operation (n = 5), rats were anesthetized and underwent an intracardiac perfusion with 0.1 mol/L phosphate-buffered saline (PBS; pH 7.4). Proteins were prepared from spinal cord tissue obtained from the lesion epicenter (2.5 mm cephalad and caudally), and the protein concentration was determined using a BioRad Laboratories (Hercules, CA) protein assay kit. Proteins (30 g) were separated on a 12% polyacrylamide gel and transferred onto nitrocellulose membranes. Membranes were incubated with a monoclonal antibody directed against Beclin-1 and MAP-LC3 (1: 1000; Clone 51-11; MBL International, Woburn, MA) and subsequently with a secondary antibody linked to horseradish peroxidase (1: 5000; Sigma, St. Louis, MO). The bands were visualized by using the VersaDoc 4000 Imaging System (BioRad). Relative densities of the bands were analyzed with Quantity One (vers. 4.5.2, BioRad). Quantities of the band densities were normalized using ␤ −actin.
Collection and preparation of specimens for immunofluorescence analysis
Spinal cord tissue samples were collected from each group of rats at 6 h, . The tissue sections were incubated with the primary antibodies at 4 • C overnight and rewarmed at 37 • C for 1 h. After washing with PBS, secondary antibodies corresponding to the primary antibodies were added dropwise to the sections. The tissue sections were washed again with PBS, mounted onto microscopic slides, and examined by oil immersion microscopy.
Statistical analysis
All data are presented as mean ± standard deviation (SD). Statistical analyses were performed with the Prism software package (GraphPad v5, San Diego, CA, USA). Data were analyzed using one-way ANOVA and then the Newman-Keuls test for multiple comparisons. A P-value less than 0.05 was accepted as statistically significant.
Results
Assessment of the locomotor functions of both hindlimbs of the rats using the BBB rating scale
The BBB scores for the experimental groups are summarized in Table 1 . The sham group was used as control. The SCI and SCI + HBO groups had the same BBB score at 6 h after surgery. Both hindlimbs of the rats lost locomotor functions and were dragged behind. Starting at 1 d after surgery, the locomotor function of rats in the SCI and SCI + HBO group was gradually recovered. The BBB rating increased over time. However, the BBB scores were lower in the SCI and SCI + HBO groups compared to the sham group (P < 0.05). At 7 d and 14 d after surgery, the BBB scores were significantly higher in the SCI + HBO group in comparison to the SCI group (P < 0.05) ( Table 1) .
Results of transmission electron microscopy
The spinal cord tissue structure of rats in the sham group appeared normal. The neuron cell membrane remained intact, and chromatin was distributed evenly throughout the nucleus. The nucleoli were prominent and clearly visible. In the cytoplasm, the rough endoplasmic reticulum (ER) and ribosomes were arranged regularly. A small number of mitochondria was scattered in the cytoplasm. Pronounced degeneration of cytoplasm and disintegration of granular membranes were not detected (Fig. 1A) .
In the SCI group, extensive cytoplasmic swelling was observed in neurons located in the damaged region of the spinal cord 6 h after surgery. In addition, the rough ER became loosely structured, and the number of free ribosomes was increased. Mitochondrial swelling and vacuolization were evident. Lysosomes appeared irregular in shape, and a large number of autophagic vesicles composed of monolayer membranes were present in the cells, which contained phagocytic particles with high electron density (i.e., the autophagosomes). At 1 d and 3 d after surgery, extensive swelling of the cytoplasm was observed in spinal cord neurons. Mitochondrial swelling and vacuolization were evident. The rough ER became loosely structured, and the number of free ribosomes increased. At 7 d after surgery, the organelles redistributed towards the nucleus and aggregated at the nuclear periphery. The rough ER was dilated and formed sacs, and a large number of ribosomes fell off the rough ER. The mitochondria were deformed, and the cytoplasm became sparse. Lysosomes appeared irregular in shape and contained phagocytic particles of high electron density indicating the formation of autophagosomes. The chromatin was marginated, condensed and appeared crescent-shaped. The nuclei were irregular in shape, and the surface of the nuclear membrane displayed a rugged appearance. At 14 d after surgery, the pathological state of the damaged neurons was significantly alleviated. In survived neurons, the morphology of the nuclei was nearly normal. The rough ER still underwent cystic dilation, and autophagosomes were still visible. However, the number of autophagosome was significantly reduced compared to the 3 d and 7 d groups (Fig. 1B-F) .
In the SCI + HBO group, the rough ER became loosely structured, and the number of free ribosomes was increased, mitochondrial swelling and vacuolization were evident and a large number of autophagic vesicles composed of monolayer membranes were present in the cells, which contained phagocytic particles with high electron density in the damaged region of the spinal cord 6 h after surgery. There are more autophagosomes in SCI + HBO group than in SCI group in 1d, 3d, 7d after surgery. At 14 d after surgery, the pathological state of the damaged neurons was significantly alleviated. The morphology of the nuclei was nearly normal. (Fig. 1G-H) .
Results of western blot analysis
Changes in the expression of the autophagy-related proteins Beclin-1 and LC3II in the rat spinal cord tissues at 6 h, 1 d, 3 d, 7 d and 14 d after induction of SCI were analyzed by western blot. The results of protein electrophoresis and optical density scanning and analysis showed that there was nearly no Beclin-1 and LC3II expression in the sham group. The expression of Beclin-1 and LC3II was upregulated in the SCI and SCI + HBO groups after SCI. The expression of Beclin-1 and LC3II reached a peak at 3 d after SCI and remained at high levels at 14 d. In addition, significant differences were detected among the three groups at 3 d after SCI (P < 0.05) (Fig. 2) .
Immunofluorescence analysis
Fluorescently stained Beclin-1 and LC3II proteins were barely detectable in the sham group. In contrast, Beclin-l and LC3II expression was observed in neurons and glial cells from the SCI and SCI + HBO groups. Beclin-1 and LC3II expression appeared at 6 h after SCI, reached the maximum at 3 d and lasted until 14 d. At each time point, Beclin-1 and LC3II expression was significantly higher in the SCI + HBO group compared to the SCI group (Figs. 3 and 4) .
Discussion
In recent years, autophagy has attracted increasing attention. Autophagy widely exists in living organisms and functions as an important way to degrade intracellular proteins, complete organelle transformation, and maintain homeostasis of the internal environment [8] . During autophagy, cellular components that need to be degraded are wrapped by monolayer or bilayer membranes, thus forming autophagosomes. Autophagosomes are then transported to the lysosomes to generate autophagic lysosomes. Digestion and degradation are conducted in the autophagic lysosomes under the action of multiple enzymes, thereby fulfilling the metabolic requirements of the cells and achieving the renewal of certain organelles. Synthesis and degradation are finely regulated by the cells, which has great significance for the maintenance of a homeostatic intracellular environment [9] .
Autophagy plays a critical role in the growth of organisms, the development of organisms, the differentiation of cells and the responses to environmental stress. In addition, autophagy plays an important role in preventing certain diseases, such as tumors, myopathy, and neurodegenerative diseases, as well as resisting pathogenic microorganism infection, slowing the aging process, and prolonging the lifespan. Via autophagy pathways, certain toxins and pathogens are wrapped, degraded, and then eliminated [10, 11] . Thus, activation of autophagy in the early stages of some diseases prevents the progression of the diseases.
With the continuous progression of HBO medicine, a series of studies has shown that HBO therapy exhibits a significant curative effect on CNS degenerative diseases and trauma disorders. HBO therapy reduces or prevents the occurrence of secondary pathological changes after CNS injury and significantly reduces neuronal apoptosis and necrosis as well as promotes the recovery of neurological functions [5] . Studies related to the effect of HBO on autophagy after SCI are rather rare. Current studies mainly focus on the effect of HBO on autophagy after SCI. Using an HBOpreconditioned rat model of cerebral ischemic injury, Zhang et al. [4] and Clark et al. [12] found that autophagy is enhanced in ischemically injured brain tissues. In addition, autophagy is conducive to the recovery of neurons and alleviates brain injuries [13, 14] . However, the effect of HBO on autophagy after SCI has not been reported. Examination of autophagosomes in the process of autophagy is conducive to the understanding of the following concepts: the morphology, the formation process and the molecular mechanisms of autophagosomes; the relationship between autophagosomes and apoptosis; the roles of autophagosomes in the occurrence of certain diseases [15] . Autophagosomes fuse with lysosomes to form autophagic lysosomes, which are responsible for digestion of the autophagic contents. Autophagosomes or autophagic lysosomes are diagnostic markers for autophagy. Autophagy can be observed if the bilayered membrane structures of autophagosomes are detectable. Therefore, observation of the ultrastructural features of autophagy under a transmission electron microscope is the gold standard for the determination of the existence of autophagy [16] . The present study found that the ultrastructure of autophagosomes could be detected by TEM at 6 h after SCI. The autophagosomes remained detectable until 14 d after SCI. The numbers of autophagosomes and autophagic lysosomes were significantly elevated at 3 d and 7 d after SCI compared to the other time points. Autophagosomes were still present at 14 d after SCI. However, compared with the earlier time points, the number of autophagosomes was markedly reduced. The results indicated that after SCI, the autophagy level was upregulated in the damaged spinal cord neurons. In addition, the removal of damaged components was enhanced, and cellular repair programs were initiated.
Beclin-1 is an autophagy-related gene and a direct executor of autophagy. In addition to autophagic signals, the Beclin-1 protein receives many other signals to regulate autophagy. Beclin-1 may act as a "gatekeeper" of autophagy and has become a target for artificial intervention of autophagic activity [17] . Beclin-1 regulates the localization of other autophagy-related proteins (ATG proteins) in autophagosomal precursor structures by forming complexes with class III phosphatidylinositol 3-kinase (PI3K), thereby regulating autophagic activity [18] .
Microtubule-associated protein 1 light chain 3 (MAPLC3) is a mammalian homologue of the yeast autophagy-related protein 8 (ATG8) gene. MAPLC3 is located on the membrane surface of preautophagic vacuoles and autophagic vacuoles and is involved in the formation of autophagosomes. MAPLC3 is now used as a specific marker protein of autophagosomes. During the process of autophagic vacuole formation in mammals, MAPLC3 coordinates the two ubiquitin-like protein conjugation and modification systems composed of Atg3, Atg5, Atg7, Atgl0, and Atgl2, and it plays a crucial role in this process [19] . In the absence of autophagy, the intracellularly synthesized LC3 is processed and converted to LC3 type I, which is soluble in the cytoplasm and regularly expressed. During autophagy, LC3 type I undergoes ubiquitin-like modification and binds to phosphatidylethanolamine (PE) on the surface of autophagic vacuole membranes, thereby forming LC3-II. LC3-II is bound to the membrane of autophagic vacuoles. The content of LC3-II is directly proportional to the number of autophagic vacuoles [20] .
In the present study, immunoblotting analysis was conducted to show that the rats started to express the autophagy-related proteins Beclin-1 and LC3II at 6 h after SCI. Beclin-1 and LC3II were expressed in the nuclei of neurons and in glial cells. In addition, there was some correlation between Beclin-1 and LC3II expression levels and duration of the injury. In contrast, Beclin-1 and LC3II expression was barely detected in the spinal cords of rats in the sham group. In the SCI group, the expression levels of the autophagy-relate proteins, Beclin 1 and LC3II, reached a maximum at 3 d after surgery. Compared with the other time points, these differences were statistically significant. These results indicated that autophagic cell death was triggered in the injured regions after SCI and reached a peak at 3 d. Based on the results described above, we concluded that the neurons were damaged after SCI. The autoregulatory mechanisms were activated in neurons, which promoted autophagy. The increased neuronal autophagy was responsible for the elimination of damaged cellular components and provided materials and space for cell repair. The process was initiated early after SCI (6 h) and reached a peak at 3 d. An elevated level of autophagy led to the high level of expression of the autophagy-related proteins, Beclin-1 and LC3II. Therefore, autophagy may serve as a mechanism of cell self-repair, renewal and protection after SCI. In the present study, immunofluorescence and immunoblotting assays showed that the expression levels of the autophagy-related proteins Beclin-1 and LC3II were significantly elevated in the SCI + HBO group compared to the SCI group. Beclin 1 and LC3II expression was initiated at 6 h after surgery and continued until 14 d after the surgery. The differences in Beclin-1 and LC3II expression levels reached a maximum at 3 d. In addition, the present study showed that the autophagy level was further enhanced in SCI neurons after HBO intervention. These results indicated that the enhanced autophagy after SCI exerted a protective effect on the injured spinal cord. The enhanced autophagy enabled the timely removal of damaged organelles and harmful substances from the neurons as well as accelerated neuronal repair and shortened the course of the disease, thereby playing an important role in maintaining the homeostasis of the neurons. The effect of elevated autophagy is consistent with the effect of HBO in the clinical treatment of SCI. Therefore, the HBO-induced upregulation of neuronal autophagy levels may represent one of the mechanisms underlying the therapeutic effect of HBO on SCI. HBO therapy also may exert its effects by enhancing the partial pressure of oxygen in damaged spinal cord tissues, increasing blood oxygen diffusion distance, promoting the activity of antioxidant enzymes in spinal cord tissues, inhibiting free radical-mediated lipid peroxidation, and enhancing the antioxidant capacities of cell membrane lipid structures [14, [21] [22] [23] . Currently, studies that focus on the effect of HBO on SCI-induced autophagy are rather rare. Therefore, the precise mechanism and effect of HBO require further investigation.
In summary, autophagy is activated in rats after SCI and sustained over a period of time. HBO treatment enhances autophagy expression in rats after SCI and accelerates cell repair rate, which may represent one of the mechanisms of action of HBO in the treatment of SCI.
